The effect of two arginine-based cationic surfactants, arginine N-lauroyl amide dihydrochloride and arginine O-lauroyl ester dihydrochloride, upon dipalmitoylphosphatidylcholine liposomes, is addressed in this work. Some aspects concerning the synthesis of these surfactants are also presented in some detail. Differential scanning calorimetry, as well as fluorescence anisotropy using several probes, is used to assess the relative effects on the lipid model membranes. In spite of the structural similarity among these molecules, which differ only by the group that connects the polar head to the tail, experimental results suggest differences in their behavior. Molecular dynamics simulation provides significant insight into the molecular mechanism that governs this interaction. A rationale is provided in terms of lipid-surfactant hydrogen bonding and the consequent positioning of the surfactant molecule within the bilayer.
Introduction
Surfactants have been employed with success in a wide variety of fields and, due to their surface properties, have been subjected to intense study in systems involving interaction with membranes. This class of compounds combines at least one hydrophilic head group and one hydrophobic tail in the same molecule, and it is well known that the nature and structure of these Regarding these surfactants, a systematic study on their antimicrobial properties with different tail length was previously reported. 5 This study showed that the efficiency of singlechain surfactants is affected by their alkyl chain length, with a maximum effect for the 12 carbon tail surfactants.
Over the past decade, developments on enzyme technology in non-conventional media have opened new possibilities for the synthesis of surfactants from natural sources. 6 As such, the interest in amino acid-based surfactants lies also in their synthesis, which can be achieved by resorting to biotechnological methods. Some aspects concerning the synthesis of the relevant surfactants are addressed in the following section.
Lipid bilayers play a key role in the regulation of in vivo barriers, and surfactants are known to influence their organization 7, 8 and permeability. 9 For the membrane interaction studies, dipalmitoylphosphatidylcholine (DPPC) liposomes were used as model lipid bilayers. This simple and well characterized model, has several advantages over the use of more complex model systems. Firstly, it allows work with a minimum amount of compound, which is relevant for assessing new synthetic chemicals. It is also suitable for the screening of a large number of conditions, since the comparitive studies rely on simple methodologies with relatively low variability. Additionally, acting as a standard, makes it easier to compare with other results in the literature.
Differential scanning calorimetry (DSC) and fluorescence anisotropy are used to study the effect of ALA and ALE surfactants upon DPPC membranes. Both techniques have been widely employed in studies of interactions relevant to liposome model systems. [10] [11] [12] DSC provides a systematic tool for assessing the thermodynamic properties of the system, and allows inspection of the respective phase transitions. In turn, fluorescence anisotropy, including the use of a series of fluorescent probes, is used to establish the gradient of order across the bilayer thickness under the influence of the surfactants.
In spite of the structural similarity that exists between the two surfactants under discussion, our experimental results suggest that the effect upon DPPC liposomes differs significantly. Note also that these surfactants display different properties, such as critical micellar concentration (1.8 and 5mM for ALA and ALE, respectively 5 ) and surface tension (37 and 30mN/m for ALA and ALE, respectively 5 ). A better understanding of the systems, in terms of the structural features of these molecules, is provided by computer simulations. This, with special emphasis on molecular dynamics (MD), has been used extensively in the last decade to describe lipid membranes in terms of their structure and dynamics. [13] [14] [15] Recent work includes studies on spontaneous aggregation of phospholipids into bilayers, 16 structural properties of mixed bilayers, 17 pore and domain formation, 18 and interaction and insertion of different molecules within lipid bilayers. 19 In this work, the MD technique is shown to be very effective for the study of several aspects of the interaction between DPPC-bilayers and surfactants. Results discussed below, both experimental and simulational, reveal that seemingly unimportant aspects of the molecular structure can modulate the interaction with lipid membranes, and influence the behavior of these membranes.
Enzymatic synthesis of arginine N-alkyl amide and arginine O-alkyl ester derivatives
Amide and ester bond formation between the carboxyl group of arginine and the fatty amine or alcohol is a primary concern in the synthesis of these biocompatible surfactant molecules, and proteases are the candidates of choice as biocatalyst. Primary specificity and availability are criteria which must be considered to select the most suitable. 20, 21 Papain accepts a wide range of amino acids at P1 but needs hydrophobic residues in the P2 position. According to the general nomenclature of cleavage site positions of the substrate, as formulated by Schechter and Berger, 22 the site is denoted by P1-P1', and the numbering incremented in the N-terminal direction of the cleaved peptide bond as P2, P3, P4, etc. On the carboxyl side, the numbering is similarly incremented as P2', P3', P4', etc. In the present case, in which single amino acids are used, the requirement of hydrophobicity in the P2 position is easily fulfilled by using N α protecting groups such as benzyloxycarbonyl (Z) or tert-butyloxycarbonyl (Boc). These proteases are of the serine and cysteine type, respectively, and amide and ester bond formation can be performed under kinetic control. Hence, N α -benzyloxycarbonyl-arginine methyl ester (ZArg-OMe) was selected as acyl-donor substrate (Figure 2 ). Regarding the nucleophile, papain can accept a wide range of substrate acceptors 23, 24 but long chain aliphatic amines and alcohols have not yet been explored. Papain is a cystein proteinase that has to be activated by reducing agents such as thiols, and is sensitive to oxidants. Additives, for example 2-mercaptoethanol or DTT, are commonly used as both activators and scavengers.
A low water-content system, like an organic medium, is usually selected to provide good solubility for the hydrophobic moiety (fatty amine and alcohol) and minimize the ester hydrolysis of the acyl-donor. The choice of the solvent is crucial to allow the solubilisation of both the hydrophobic and hydrophilic (acyl-donor) components. Among the solvents compatible with enzymatic activity, acetonitrile adequately matches that requirement. In the case of arginine alkyl esters, an ester type bond has to be formed between the carboxyl group of arginine and the hydroxyl group of a fatty alcohol.
Under optimized reaction conditions, the enzymatic synthesis of N α -benzyloxycarbonylarginine N-dodecyl amide (Z-Arg-NH-C12) and N α -benzyloxycarbonyl-arginine O-dodecyl ester (Z-Arg-O-C12) is scaled up to obtain some grams of each compound. Reaction conditions are summarized in Figure 2 , while Table 1 presents some typical values of reaction yields and overall product yields. Also included in this Table are the reaction time, and deprotection and purification percentages obtained for each compound. Table 1 . Typical product and overall yields in the preparative enzymatic synthesis of arginine alkyl amide and alkyl ester derivatives (adapted from reference 3) The clean reaction mixtures obtained with the method described above leads to ready product purification. At the end of the synthesis, the reaction mixture consists only of product, excess of fatty amine or alcohol and hydrolysis product of the acyl-donor (Z-Arg-OH), which can be easily separated by either crystallization or chromatography.
In fact, there is significant interest in this enzymatic synthesis, in comparison to the classical approach. Previously published work indicates that the preparation of arginine N-alkyl amide derivatives by the classical process results in low global reaction yield (ranging from 20 to 30%), due to the removal of byproducts formed from the coupling reagent during the purification process. 25 Also, the chemical synthesis of arginine alkyl ester derivatives requires higher temperatures and strong acid conditions, which are not always compatible with the stability of the amino acid.
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Results and Discussion
Many compounds have shown, in the past, the ability to directly or indirectly influence biological membrane properties and, consequently, the efficacy of drugs to pass through the membrane. Due to differences between these substances and phospholipid molecules, several changes can be induced in the membrane. Changes in conformation of alkyl tails (trans-gauche), curvature, microheterogeneity (phase separation, domain formation), thickness, surface potential and hydration of head groups, are the main mechanisms behind the interaction effect.
Thermotropic phase transitions, the basis of calorimetric experiments, are important physicochemical properties in the analysis of drug-membrane interactions. As such, the effect of ALA and ALE surfactants on the thermotropic behavior of DPPC liposomes was firstly addressed using DSC. Figure 3 displays the thermograms obtained for DPPC liposomes in the presence of various amounts of ALA, in the 0-30 mol% range. Mean values of Tonset (or Tpeak, when more convenient), for a minimum of three repetitions, are summarized in Table 2 . In the control curve ( Figure 3) , with no addition of surfactant, we observe the two transitions characteristic of this model. The pre-transition (Tonset = 37 ºC) corresponding to an interconversion of two solid-ordered phases (Lβ'  Pβ'), and the main transition (Tonset = 42 ºC) corresponding to a highly cooperative change to a liquid-disordered phase (Pβ'  Lα), reflected by a decrease in the conformational order of the phospholipid alkyl chains. 28 When 1% of ALA is added, the thermogram displays an additional structure at a temperature lower than that of the main phase transition of DPPC. As the amount of ALA increases, the value of temperature corresponding to the DPPC main phase transition advances slightly to the right (see values of Tpeak in Table 2 , and Figure 3 ), suggesting some increasing degree of structuring in this domain. In contrast, the transition temperature, corresponding to the new domain, moves to increasingly lower values. The displacement of this peak is accompanied by a corresponding broadening. These results indicate that the pre-transition, characteristic of these multi-lamellar vesicles, is also affected by the presence of ALA. In the concentration range under study, the respective onset values decrease from about 37 to 31 ºC, and become negligible from 15% onwards. As can be seen in Figure 4 , the effect of ALE upon the phospholipid model is significantly different from that obtained with ALA. In this case, the ALE surfactant induces a broadening of the characteristic DPPC main peak.
For concentrations of ALE above 5 mol%, it becomes clear that more than one peak is present, although in a convoluted structure. In turn, for the maximum amount of ALE, 30 mol%, a unique broad structure at lower temperatures is now visible, which suggests liposome destruction. Regarding the pre-transition, it is shifted to lower temperatures as the ALE concentration increases, and vanishes for values above 20 mol%. Mean values of Tonset, for a minimum of three repetitions, are also gathered in Table 2 .
It should be noted that the values of enthalpy corresponding to each transition cannot be directly retrieved from the figures because the amount of compound enclosed in the DSC pan is not the same for all the samples. Both surfactants, ALA and ALE, cause domain formation and phase separation, which can affect membrane function in defined areas. In the case of ALA, an overall effect upon the DPPCrich domain also denotes a structuring effect of the whole membrane.
Several amino acid derivative surfactants, both single-and double-chain, have been characterized in the past, in terms of their thermotropic behavior. 29, 30 The interaction between arginine-based cationic surfactants with liposomes and lipid monolayers have also been studied with the aim of assessing the relationship between the antimicrobial properties of these surfactants and the perturbation of cell membranes.
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The DSC results from this work, discussed above, cannot be directly compared with those previous studies, and provide an important description of the phase transitions of DPPCliposomes in the presence of ALA and ALE amphiphilic molecules. However, lipid bilayers are stratified structures with a distinct trans-bilayer atom and group profile. 33 In order to understand the organization and barrier function of these systems, it is important to study the molecular dynamics across the membrane. Thus, resorting to fluorescence anisotropy, and a series of fluorescent probes with ability to attach at different levels along the bilayer cross section, we further characterized the systems. Figure 5 displays the fluorescence anisotropy results, obtained for ALA, at different depths along the DPPC chain. ALA promotes an increase of the anisotropy value at almost all depths of the bilayer, which occurs essentially in the gel (~30 ºC) phase of DPPC. At this temperature, the effect is more pronounced in the part of the chain closer to the polar heads, for this lower temperature. In the fluid phase (~50 ºC) the effect is lower, and apparently diminishes with the concentration of the surfactant. An identical study was conducted for ALE, and the results are presented in Figure 6 . This surfactant has proved to be efficient in terms of disrupting the organization of DPPC liposomes, especially at lower temperatures. The effect is more pronounced in carbon 6, but is also visible in carbons 12 and 16. It should be noted that the above anisotropy results are in accordance with those retrieved from DSC, pointing to corresponding effects.
In spite of the experimental results, it is not clear which are the differences at the molecular level accounting for the dissimilar behaviors. To achieve a better understanding of the interplay of DPPC and surfactant molecules, we now refined the analysis resorting to MD results. Figures  7 and 8 display the probability for the positioning of different groups (or atoms) corresponding to the lipids, and also to the surfactants (either ALA or ALE) inserted in the membrane. It is seen that the positioning of the two atoms that account for the difference between the ALA and ALE molecules is significantly lower in the former, which means that this molecule is more deeply inserted in the membrane. A direct interaction with the lipids is thus responsible for this differential behavior. The interaction promotes an increased organization close to the interface of the bilayer with water, in the case of ALA, as also extracted from the fluorescence anisotropy results. Specific hydrogen bonding analysis for the ALA containing system indicates a high persistence of the interaction between the NH group of the amide bond and the oxygen corresponding to the carbonyl groups of the fatty chains on the DPPC molecule. Obviously, a similar effect is absent in the ALE system. As a result, the methyl group at the end of the ALA tail is located, on average, in a position similar to that of the corresponding groups in the lipids. This is compatible with the fact that this surfactant determines a negligible alteration in the conformational behavior of lipids in the region close to the core of the bilayer. In contrast, the tail methyl group of ALE is above those of the lipids. In this case, a lower density region is created, and some degree of disruption arises, as also measured in fluorescence anisotropy. We note that our option was to represent, in both Figures 7 and 8 , the distribution of DPPC terminal methyl groups as a single one, irrespective of the lipid belonging to the upper or lower leaflet (interdigitation makes their positioning indistinguishable). Figure 9 displays a snapshot illustrating the ALA molecule hydrogen-bonded to a DPPC lipid. Direct observation of a large series of frames extracted from the simulation clearly indicates that the motion of each of these molecules is dependent on that of the other, especially in the region of the polar head. Hydration of the alkyl chains in the bilayer is small and restricted to the polar-apolar interface. However, changes in the fluidity of the membrane, or local defects caused by the vertical positioning of specific molecules, can lead to an increase in the access of water to both the head groups and hydrocarbon chains.
Referring to the top amine groups/water radial distribution function, rdf, we assessed the degree of solvation on the polar head of each surfactant molecule. Figure 10 indicates that the positioning of surfactants, discussed above, significantly affects the amount of water accessible to the surfactant head, which is considerably lower in ALA, due to its retracted position. 
Conclusions
In this work we have studied the behavior of two surfactants, ALA and ALE, when inserted in DPPC lipid bilayers, and assessed the way they affect the latter. They differ only in the presence of an amide or an ester group, and are a relevant case study to check whether some minute structural changes affect the behavior and interaction of these molecules in such complex systems.
DSC results show that both the surfactants affect the thermotropic behavior of DPPC liposomes, with formation of new domains for temperatures lower than the main phase transition of DPPC. A DPPC-rich domain is, also, slightly shifted for higher temperatures in the case of ALA.
Anisotropy data further reveals the existence of relevant variations in the interaction behavior of these structurally similar molecules. ALA increases the overall degree of organization in the bilayer, while ALE induces, generally, the opposite effect.
Moreover, MD simulations reveal that the positioning of these molecules is different, with ALA more deeply inserted in the bilayer, and significantly less solvated than ALE. This stems from the formation of hydrogen bonds in the former.
Our results further suggest that variations in the structure conducted by changing the positioning of the groups responsible for this interaction within the surfactant molecule, is a way to modulate the positioning of the molecule inside the bilayer and, thus, the overall effect on the membrane, including the respective permeation properties.
Experimental Section
General Procedures. Dipalmitoylphosphatidylcholine (DPPC), 99% pure, was purchased from Avanti Polar Lipids and used without further purification. The probes 2-(9-anthroyloxy)stearic acid (2-AS), 6-(9-anthroyloxy)stearic acid (6-AS), 12-(9-anthroyloxy)stearic acid (12-AS) and 16-(9-anthroyloxy)palmitic acid, were obtained from Molecular Probes Inc., Eugene, OR, USA. All the fluorescence probes are 99% pure. Solvents, dimethylformamide, methanol and chloroform were purchased from Sigma.
Synthesis
Synthesis of these surfactants followed the procedure described in reference 3. See also the specific section, above.
Preparation of liposomes
Multi-lamellar vesicles (MLVs) were prepared from DPPC according to a standard procedure, 11 derived from the solvent evaporation method originally described in ref. 34 . Briefly, phospholipids dissolved in a chloroform/methanol mixture were dried under reduced pressure to form a homogeneous thin lipid film deposited on the wall of a glass round-bottomed vessel. Then, slowly agitating the solution inside a bath set 10-15 ºC above the Tm of DPPC, the resulting lipid was resuspended in deionized millipore water to give the desired final lipid concentration. For the fluorescence polarization studies, instead of using water, the lipid was hydrated with a buffer solution of 10 mM Tris-maleate, 50 mM KCl (pH 7). The resulting solution was also submitted to a program of sonication and vortexing with the aim of dispersing aggregates. This procedure does not affect the transitions of lipid bilayers, but decreases the scattered light, therefore improving fluorescence measurements. 11, 35 For these fluorescence studies, in order to obtain a probe/lipid molar ratio of about 1/400, a few microliters of the fluorescent probes dissolved in dimethylformamide were injected into the solution of liposomes (using an Hamilton 10 l syringe) maintained above the Tm of DPPC under vigorous vortexing conditions. Using the same procedure, ALA and ALE surfactants from concentrated aqueous solutions were slowly incorporated in the membrane suspensions. To assure a significant interaction between the surfactants and the liposomal structures, the final solution was left overnight inside a bath at a temperature above the Tm of DPPC. Experimental tests showed that no significant differences were found from the alternative method in which phospholipids and surfactants were dissolved together, and that this was appropriate to achieve an adequate dynamical equilibrium. The experimental protocol was specifically chosen to be compatible with the small amount of surfactants obtained via synthesis. As such, in this methodology, only a single batch of liposomes was prepared for the assessment of a set of conditions, in an experimental design that provides a highly reproducible procedure.
Differential scanning calorimetry
DSC was performed on a Perkin Elmer Pyris 1. Volumes of 20 μl of the liposomal suspension, containing an average of 2 mg of DPPC, were sealed in 50 μl aluminium pans. The samples were analysed by heating-cooling cycles at heating scanning rates of 10 ºC/min over the temperature 10-60 ºC, using an empty pan as reference. The scanning rate used yielded thermograms very similar to the ones obtained with lower scanning rates, 5 and 2 ºC/min, which means that thermodynamic equilibrium is maintained at this rate. The advantage of working with higher scanning rates is fundamentally to warrant a relatively high throughput and increase the sensitivity of the signal. For data acquisition and subsequent analysis, the software provided by Perkin-Elmer was used. The values of Tonset for the phase transitions were determined from the intersection of the peak slopes with the baseline of the thermograms.
Fluorescence anisotropy
The rotational behavior of the n-(9-anthroyloxy) fatty acid fluorescence probes (2-AS, 6AS, 12-AS and 16-AP) was used to obtain information about the lipid dynamic at various depths of the liposome membranes in both gel and liquid crystalline phases of DPPC. The photophysical features of these probes and their application to the study of vesicles and membranes were intensively studied in the past. [36] [37] [38] [39] All the fluorescence anisotropy measurements were made using a Perkin Elmer LS 55B fluorescence spectrophotometer, fitted with temperature control and magnetic stirrer. Temperature was measured with an accurance of 0.1 ºC, and the stirrer switched off during the experiments. The samples were excited at 365 nm and emission detected at 450 nm.
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Values of fluorescence anisotropy measurements, r, were obtained according to in which and are the intensities of the light emitted with its polarization plane parallel and perpendicular to that of exciting beam, respectively. 38 G is the grating correction factor for the optical system and is defined by the ratio between the vertically polarized emission component and the horizontal one, when the sample was excited with polarized light in the horizontal direction.
Molecular dynamics
Molecular Dynamics simulations were carried out under periodic boundary conditions, resorting to the GROMACS package, version 3.3.3, 40-42 and the GROMOS96 45a3 force field 43 . This force field, developed specifically for simulations of lipids and detergents, was based on GROMOS 96 43a1 and extended with parameters provided in ref. 43 .
A fully hydrated DPPC bilayer was generated and equilibrated before the insertion of the surfactant molecules. A relatively small DPPC bilayer consisting of 72 DPPC molecules, equally distributed by two leaflets, was built by placing molecules in a regular grid with random rotation along the major axis. It should be noted that the size of the bilayer was chosen to be large enough to accommodate one embedded surfactant molecule, and allow the study of its interaction with the nearby lipids. To obtain a starting configuration close to a local minimum, the DPPC bilayer hydrated with 1672 SPC water molecules was firstly subjected to an energy minimization step. After that, using the LINCS algorithm to maintain the DPPC molecular group under positional restraint conditions, the system was equilibrated for 10 ns. The system was then left to evolve without restraints, with a time step of 2 fs. Temperature and pressure were coupled to the Berendsen external baths maintained at 323 K and 1 bar (in isotropic conditions), with coupling constants of 0.1 and 0.5 ps, respectively. Non-bonded interactions were computed on the basis of a neighbor list, updated every 10 steps, while Lennard-Jones and electrostatic interactions, with a cut-off distance of 1.0 nm and 1.8 nm respectively, were evaluated at each time step. The system was considered equilibrated when reaching an area per lipid, order parameters and density profiles close to the experimental results for such membranes. In order to circumvent the timescale limitations associated with a full description of the process of insertion, the surfactants were directly incorporated in the pre-equilibrated and fully hydrated DPPC bilayer. We note that electroneutrality of the system is achieved by the inclusion of only two counterions, Cl -, pertaining to each surfactant molecule, since DPPC is a zwiterionic phospholipid. We decided to initiate the equilibration phase with the incorporation of the surfactants in the core of the bilayer, without specifically creating a cavity for its insertion. DPPC+surfactant systems were simulated under the same parameters imposed to the DPPC preequilibrated system. A minimization step was followed by an equilibration of 2 ns, keeping DPPC and surfactant molecular groups under positional restraint conditions, and 10 ns without restraints. A production run of 10 ns was subsequently calculated, and subjected to standard analysis: atom-atom (group-group) distance probability distributions, and atom (group) density probability distributions.
